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STRUCTURAL ANP.LYSIS METHODS DEVELOPMENT FOR T'JRSINE HOT SECTION COMPONENTS 
Robert L. Thompson 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
-his paper zummarizes the structural analysis 
rechnologies and activities of the NASA Lewis Research 
:enter's gas turbine engine Hot Section Technology 
(HOST) orogram. The technologies synergistically 
ID jeveloped and validated include: time-varying thermal/ 
: necnanical load models; component-specific automated 
gecme:ric modeling and solution strategy capabilities; 
idvanced inelastic analysis methods; inelastic consti- 
:utive models; high-temperature experimental techniques 
ind erperiments; and nonlinear structural analysis 
:xes. Features of the program that incorporate the 
iew recnnologies and their application to hot section 
:omDonent analysis and design are described. 
and, in some cases. first-time three-dimensional non- 
linear structural analyses of hot section components 
Df isotropic and anisotropic nickel-base superalloys 
are presentsd. 
improved 
INTRCZUCTION 
Hot section components of aircraft gas turbine 
engines are subjected to severe thermal-structural 
loading conditions during the engine mission cycle. 
The most severe and damaging stresses and stralns are 
those induced by the steep thermal gradients which 
occur auring the startup and shutdown transients. 
:he transient, as well as steady state, stresses and 
;trains are difficult to predict, in part, because the 
temcerature gradient5 and distributions are not well 
ltnown or readily predictable and, in part, because 
the cyclic elastic-viscoplastic behavior of the mate- 
rials at these extremes of temperature and strain are 
not well known or readily predictable. 
A broad spectrum of structures related technology 
programs has been underray at the NASA Lewis to address 
these deficiencies at the basic as well as the applied 
levels, with participation by industry and universities 
One of these programs was the structures element o f  the 
turbine engine @t Section Lechnology (HOST) program. 
The structures element focused on three key technology 
areas: inelastic constitutive model development, 
three-dimensional nonlinear structural methods and 
code development, and experimentation ro calibrate and 
validate the models and codes. These technology areas 
were selected not only because todays hot section com- 
ponent designs are materially and structurally diffi- 
cult to analyze with existing analytical tools. but 
because even greater demands will be placed on the 
analysis of advanced designs. It is the need for 
improved engine performance (higher temperatures, 
lower cooling flows), lower engine weight, and 
imDroved encline reliabilitv and durabilitv which will 
require advanced analyticai tools and expanded exl: 
mental capabi 1 i ties. 
Because materials used in today's turbine en3 
hot section components are operating at elevated 
temperature, time-independent (plastic) and time- 
dependent (creep and stress relaxation) material 
behavioral phenomena occur simultaneously, and the 
phenomeiia will be exacerbated in future component 
ri- 
ne 
e 
designs. Classical elastic-plastic theories, where 
creep and plasticity are uncoupled do not adequately 
characterize these interactive phenomena. These 
interactions are captured with inelastic (viscoplastic 
or unified) constitutive models. Under HOST, several 
vi scoplasti c models were developed for high-temperature 
isotropic and anisotropic nickel-base superalloys used 
in hot section components. These models were incorpo- 
rated in several nonlinear three-dimensional struc- 
tural analysis codes. 
The analysis demands placed on hot section compo- 
nent designs result not only from the use of advanced 
materials and their characterization, but a150 from 
the use of new and innovative structural design con- 
cepts. There is an obvious need to develop advanced 
computational methods and codes, with the focus on 
improved accuracy and efficiercy, to predict nonlin- 
ear structural response of advanced component designs. 
Under HOST, improved time-varying thermal-mechanical 
load models for the entire engine mission cycle from 
startup to shutdown were developed. The thermal model 
refinement5 are consistent with those required by the 
structural codes, including considerations of mesh- 
point density, strain concentrations, and thermal gra- 
dients. An automated compocent-cpecific geometric 
1 
nooeling caoability which will produce three-dimensional 
finite elemert models of the hot section components 
rlas also developed. Self-adaptive solution strategies 
#ere oeveloped and included to facilitate the selec- 
:ion cf appropriate elements, mesh sizes, etc. New 
and imoroved nonlinear three-dimensional structural 
inalysis codes. including temporal elements with time- 
jependent prcperties to account for creep effects in 
:he materials and components, were oeveloped. A data 
transfer module was developed to automaticaily trans- 
fer temperatyres from finite difference and finite 
element thermal analysis codes to finite element 
jtructural analysis codes. 
and structural analysis codes in the analysis and 
design of hot section components is their calibration 
and validation. Under HOST, experimental facilities 
'dere upgraded and experiments conducted to calibrate 
and validate the models and codes developed. Unique 
uniaxial and multiaxial high-temperature thermomechan- 
ical tests were conducted. In addition, unique ther- 
momechacical tests on sections of conventional and 
advanced combustor liners were conducted in the Struc- 
tural ComFonent Response rig at NASA Lewis. Exten- 
;ive, quality databases were generated. Advanced strain 
and ts-;e-a!ure instrumentation was also evaluated. 
'able I is a summary of the contracts and grants 
t h a t  were an irtegral part of the structures element 
gnder iCST. The research efforts o f  the grants and 
contracts, as well as in-house efforts, are described 
in the oa;cr along with the most significant of the 
qany accomplishments for each. Figure 1 summarizes 
the nonlinesr structural analysis technologies a n d  
activities under HOST. 
Essential for the confident use of these models 
ISOTRCFIC K A T E R I A L  MC3ELiNZ 
SoutClr.::.:' Rssfirch Institute Ccntract 
Unified constitutive models were develooed for 
jtructliral analysis of turbine engine hot section com- 
ponents under NASAIHOST contract NAS3-23925, "Consti- 
tutive Mcdeling for Isotropic Materials" (Chan et ai., 
1986). During this project, two existing models of 
the unified type were developed for application to 
isotropic. cast, nickel-base alloys used for air- 
cooled turbine blades and vanes. The two models are 
thoss af Gialker (1981). and of Bodner and Partom 
(1975). Both models were demonstrated to yield good 
correlation with experimental results for two alloys: 
PNA alloy B1900+Hf and MAR-M247. 
correlations were made with testing under uniaxial and 
biaxial tensile, creep, relaxation, cyclic, and ther- 
momechacical loading conditions over a range in strain 
rates and temperatures up to 1100 "C. Also, both 
models were implemented in the MARC nonlinear finite 
element comouter code with test cases run for a 
notched round tensile specimen and an airfoil portion 
of a typical cooled turbine blade. 
Typical results of thermomechanical strain 
cycling of B1900tHf material are shown in Figs. 2 
and 3. In Fig. 2 ,  we show a single specimen cycled to 
saturation at 538 "C, a temperature increase to 982 "C 
with saturated loops achieved at that temperature, and 
a return to 538 "C, all under constant strain range 
control. Two observations evidence absence of thermal 
history effect. The high-temperature excursion 
resulted in no change in the hysteresis loop at 538 "C, 
and the cyclic stress range associated with a given 
cyclic strain was the same m d e r  this type of noniso- 
thermal history as under strictly isothermal cycling, 
as snown in Fig. 3. Both types of cycling agree with 
the Bcdner-Partom model orediction which is based on 
isotherma! data only. 
The experimental 
A second example is the analysis of an airfoil 
of a typical cooled turbine blade. Simulations were 
run in which a classical creep-plasticity model was 
compared with the Walker and Bodner-Partom models for 
B1900+Hf material. The airfoil was exercised through 
three full flight spectra o f  taxi. take off, c!imb. 
cruise, descent, taxi, and shutdown. Computational 
efficiency with the unified models was as good or 
better than with a more classical elasticplastic 
approach. The effective stress versus strain response 
at the airfoil critical location is compared in Fig. 4 
for all three constitutive models. The unified models 
yield very similar results but substantially different 
from the classical creep-plasticity model. Unfortu- 
nately, no experimental results are available or easily 
obtainable for this complex problem. 
In summary, the program has demonstrated that f o r  
the cast nickel-base alloys studied, B1900+Hf and 
MAR-M247, both isothermal and nonisothermal complex 
loading histories can be well predicted using the Ani- 
fied constitutive model approach with all necessary 
material constants derived solely from isothermal test 
data. 
The prograin has also demonstrated rather conclu- 
sively that the unified constitutive model concept is 
a very powerful tool for predicting material response 
in hot section comLmer,ts Jnder cmplex. time-varying, 
thermomechanical loadings. This confidence is gained 
from extensive correlations between two existing 
models and a large base of experimental data covering 
the range in stress, strain rate, and temperature of 
interest. The unified constitutive models have also 
been demonstrated to be cornpatationally efficient when 
incorporated into a large finite element coniputsr code 
(MARC) . 
General Electric Contract 
and validated for structural analysis of turbine 
engine hot section components under NASAIHOST contract 
NAS3-23927. "Constitutive Modeling for Isotropic Mate- 
rials," (Ramaswalny, 1986). As part of this effort, 
several viscoplastic constitutive theories were evalu- 
ated against a large uniaxial and multiaxial data base 
on Ren6 53 material, which is a cast nickel-base alloy 
used in turbine blade and vane applications. Initially, 
it was the intent to evaluate only available theories; 
however, it was found that no available approach was 
satisfactory in modeling the high temperature time 
dependsnt behavior of Ren6 80. Additional considera- 
tions in model developmeit included the cyclic soften- 
ing behavior of Ren6 EO, rate independence at lower 
temperatures, and the development of a new model for 
static recovery. These considerations were incorpo- 
rated in a new constitutive model which was imple- 
mented into a finite element computer code. The code 
was developed as a part of the contract specifically 
for use with unified theories. The code was verified 
by a reanalysis of the turbine tip durability problem 
which was part of the pre-HOST activities at General 
Electric. 
Typical of the many results obtained from this 
effort are the multiaxial thermomechanical comparisons 
shown in Figs. 5 and 6. Figure 5 shows that the new 
theory can predict 90" out-of-phase tension/torsion 
experimental results at elevated temperature with good 
accuracy. Figure 6 shows a comparison of prediction 
with experimental data from combined tevperature and 
strain cycling tests. There is reasonably good agree- 
ment betweei predictions and experiment considering 
the preaictions are based only on isotherval data. 
Unified constitutive models were also deve!cpej 
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The theory was implemented into a new three- 
dimensional finite element code which uses a 20-noded 
brick element. The program uses a dynamic time incre- 
mentinq procedure to minimize cost while guaranteeing 
an accurate solution. The inelastic rate equations 
and state variable evolution equations are integrated 
using a s e c m a  order Adams-Moulton predictor correc- 
tor techniaue. Piecewise linear load histories are 
modelled in order to simplify input. Further econom- 
ics have been achieved by improving the stability of 
:he initial strain method and further reducing the 
number of equilibrium iterations. 
I n  summary, a new multiaxial constitutive model 
'which can represent the complex nonlinear high temper- 
ature oehavior of Renk 80 has developed. The model 
vJas exrensively verified based on data at several tem- 
peratures. The thermomechanical proportional and non- 
proporrional cyclic modeling capabilities of the model 
'were demonstrated. The model was implemented in a 
rhree-dimensional structural analysis finite elenent 
code and a turbine blade was analyzed. 
Univeriity of Akron Grant 
Manv viscoolastic constitutive models for hiah- 
temperatire structural alloys are based exclusiveiy on 
uniaxial test data, as previously discussed. General- 
ization to multiaxial states of stress is made by 
assuming the stress dependence to be on the second 
principal invariant (J2) of the deviatoric stress, 
frequently called the "effective" stress. Testing 
other than uniaxial. e.g., shear, biaxial, etc.. is 
generally done in the spirit of verification testing, 
not as part of the data base of the model. If such 
a J2 theory, based on uniaxial testing, is called 
upon t o  predict behavior under conditions other than 
uniaxial, say pure shear, and it does so poorly, noth- 
ing is left to adjust in the theory. The exclusive 
dependence on J2 must be questioned. For a fully 
isotropic material whose inelastic deformation behav- 
ior is relatively independent of hydrostatic stress, 
rhe mojt general stress dependence is on the two (non- 
zero) principal invariants of the deviatoric stress, 
J z  and 13. These invariants constitute what is 
knovi a i  an integrity basis for the material. 
Ilnder NASA Grant NAG3-379. "A Mu1 tiaxial Theory 
of Viscoplasticity for Isotropic Materials," 
(Robinson. 1384) a time-dependent description poten- 
t i a l  function based on constitutive theory with stress 
dependsice zn J2 and J3 that reduces t o  a known 
J2 theory as a special case was developed. The char- 
acterization of viscoplasticity can be made largely on 
uniaxial testing but the "strength" of the J3 depend- 
ence mu;t be determined by testing other than uniax- 
ial, e.3.. pure shear. 
SeSJeral calculations have been made using forms 
rJf the furctions in the model and associated material 
parameters that are typical of ferritic chrome-based 
and austenitic stainless-steel alloys. Qualitatively 
similar results can be expected for nickel-based 
alloys. Figure 7 shows predicted hysteresis loops 
over a constant strain range (Ac = 0.6 percent) and 
strain rate ( E  = 0.001/m). The curve labeled "uniax- 
ial" can be thought of as having been carefully fit on 
the basis o f  uniaxial data. Predictions of pure shear 
response are also shown, Corresponding to different 
values of C. A J2, J3 theory reduces to a J2 
theory for C = 0. Even after tedious fitting of uni- 
axial cyclic data, if the shear prediction does not 
correlate well with shear data, nothing can be done in 
a J2 theory short of compromising the uniaxial cor- 
relations. The present J2. J3 theory allows some 
flexibility in accurately predicting response other 
than uniaxial through the parameter C. Note that the 
hysteresis loop labeled C = 10 indicates a cyclic 
response that is about 20 percent stronger than the 
J2 response (C = 0 ) .  
Figure 8 shows predictions of creep response, 
i.e., behavior under constant stress. Here, the 
strain-time curve labeled "uniaxial and shear C = 0" 
represents both the uniaxial resDonse (using the 
strain scale on the left) and the shear response for 
a J2 material (using the strain scale on the right). 
Each shear response corresponding to a particular 
value of C is to be measured using the right-hand 
shear strain scale. In creep, the effect of the 33 
deDendence appears to be more pronounced than for 
strain cycling. Here, for C = IO the creep strain 
after 100 hr differs by a factor of 2 from that for 
the J2 response (C = 0). 
ANISOTRCFIC M T E R I A L  MODELING 
University of Connecticut Grant 
under development by turbine manufacturers for a 
number of years. Successful attempts have now Seen 
made under grant NAG3-512, "Constitutive Modeling o f  
Single Crystal and Directionally Solidified Superal- 
loys," (Walker. and Jordan, 1987) to model the defor- 
mation behavior of these materials based on both a 
macroscopic constitutive model and a micromechanical 
formulation based on crystallographic slip theory. 
These models have been programmed as FORTRAN suorou- 
tines under contract NAS3-23939 to Pratt and Whitney 
and included in the MARC nonlinear finite e l e m n t  pro- 
gram. They are currently being used to simulate 
thermal/mechanical loading conditions expected at the 
"fatigue critical" locations on a single crystal (PWA 
1480) turbine blade. Such analyses form a narural 
precursor to the application of life prediction 
methods to gas turbine airfoils. 
ior of single crystal materials lies in their aniso- 
tropic behavior. Two separate unified viscoplastic 
constitutive models for monocrystal PWA 1480 have Seer: 
completely formulated. In one model, the directional 
properties of the inelastic deformation behavior are 
achieved by resolving the summed crystallographic slip 
system stresses and strains onto the global coordinate 
system. In the other model. the equired directional 
properties are achieved by operating on the global 
stresses and strains directly with fourth rank aniso- 
tropy tenscrs. The crysTallographic slip based model 
is more accurate and has more physical significance 
than the macroscopic model, but is more computation- 
ally intensive than its macroscopic counterpart. 
The material constants in both models can be 
obtained from uniaxial tests on <001> and till> 
oriented uniaxial specimens, or from uniaxial and tor- 
sion tests on <001> orientated tubular specimens. 
Both models achieve good correlation with the experi- 
mental data in the cool> and < 1 1 1 >  corners of the 
stereographic triangle, and both models correctly pre- 
dict the deformation behavior of specimens orientated 
in the <011> direction. The tension-torsion tests on 
tubular specimens orientated in the <001> direction 
were carried out at a temperature of 870 "C (1600 O F )  
at the University of Connecticut. Further tests at 
temperatures ranging from room temperature to 1149 'C 
(2100 "F )  have been carried out at Pratt and Whitney 
under contract NAS3-23939. Good correlations and pre- 
dictions are uniformly achieved at temperatures above 
649 "C (1200 O F ) ,  but further work appears to be nec- 
essary to correctly model the deformation behavior of 
PWA 1483 mcnocrystal material below 649 "C (1200 OF). 
Nickel-base monocrystal superalloys have been 
The difficulty in analyzing the deformation behav- 
3 
;'niver;it/ of Cincinnati Grant 
Nickel base single crystal superalloys have 
attracted considerable interest for use in gas turbine 
jet engine because of their superior high temperature 
Jroperries. :n polycrystalline turbine parts, rupture 
is usually due to crack propagation originating at the 
grain boundaries. Since single crystal alloys have no 
grain boundaries, use of the alloy has significant 
aavantages for increased strength and longer life. 
'!nder grant NAG3-511, "Anisotropic Constitutive 
Yodeling for Nickel-Ease Single Crystal Alloy Rene 
Y 4 , "  an anisotropic constitutive model was developed 
based on a crystallographic approach. The current 
eouaticns modified a previous model proposed by Dame 
and Stouffer (1986) where a Bodner-Partom equation 
Mith only the drag stress was used to model the local 
inelastic resGonse in each slip system. Their model 
ras ccnsidered successful for predicting both the 
orientation dependence and tension/compression asymme- 
try for tensile and creep histories for single crystal 
alloy Re26 F14 at 760 "C (1400 O F ) .  However, certain 
proper7ies including fatigue were not satisfactorily 
modelf!. A back stress state variable was incorpo- 
rated into the local slip flow equation based on the 
observe? experimental observations. Model predicta- 
bility was improved especially for mechanical proper- 
ties Such as inelasticity and fatigue loops. 
Figures 9 and 10 are typical of the numerous 
results obtained from this effort. Experimental data 
and pre5icted responses of tensile and cyclic condi- 
tions for different specimen orientations are compared. 
Show1 in Fig. 9 are the experimental data in [ lo01 and 
[ I I I I  orientations which were used to determtne mate- 
rial constants. The response in [1101 orientation is 
the prsdicted result. The model predicted very well 
the elastic moduli, hardening characteristics (the 
knee sf the curves) and the saturated values. In 
Fig. IO, comparisons show the model predicts very well 
the cyclic tension/compression asymmetry, hardening 
characteristics and rate effect for the [lo01 orienta- 
tion. The prediction of the hystersis loop was bassd 
solely on saturated constants determined from tensile 
test;. 
Universitv o f  Akron Grant 
Structural alloys used in high-temperature appli- 
caticns exhibit compiex thermomechanical behavior that 
is time-de2endent and hereditary. Recent attention is 
being focused on metal-matrix composite materials for 
aerospzce a2plications that, at high temperature, 
exhibit all the complexities of conventional alloys 
(e.g., creep, relaxation, recovery, rate sensitivity) 
and, in addition, exhibit further complexities because 
of their strong anisotropy. 
Theory for Metal-Matrix Composites at High Tempera- 
ture," (Robinson et al., 1986) a continuum theory was 
developed for representing the high-temperature, 
time-cependent, hereditary deformation behavior of 
netallic composites that can be idealized as  pseudo- 
bomcgepeous continua with locally definable direc- 
tional characteristics. Homogenization of textured 
materials (molecular, granular, fibrous) and aoplica- 
oility of continuum mechanics in structural applica- 
tions ae:er.ds on characteristic body dimensions, the 
severity of gradients (stress, temperature, etc.) in 
the structure and on the relative size of the inter- 
nal structure !cell size) of the material. Examina- 
tion reveals that the appropriate conditions are met 
in a significantly large class of anticipated aero- 
space applications of metallic composites to justify 
research into the formulation of continuum-based 
theories. 
I Under grant NAG3-379, " A  Continuum Deformation 
I 
The starting point for t'le theoretical develop- 
ment is the assumed existence of a dissipation poten- 
tial function Q for a composite material; that i s  a 
two constituent (fiber/matrix), pseudchomcge~ecus 
material. 
The potential function is of the form 
0 = R(uij. aij, didj, T) ( 1 )  
in which a.. denotes the components of (Cauchy) 
stress, a. .'$he components of a tensorial internal 
state variable (internal stress), did. the components 
5ymmetric tensor did' is formed by a self product of 
the unit vector di denoting the local fiber direc- 
tion. Account can be taken of more than a single fam- 
ily of fibers inherent to the continuum element. 
The present theory has been implemented into the 
commercial finite element code MARC. Several trial 
calculations have been made under uniaxial conditions 
using material functions and parameters that approxi- 
mate a tungsten/copper comoosite material. A trans- 
versely isotropic continuum elasticity theory has oeci 
used in conjunction with the pressnt viscoplastic 
theory. The results of the calculations show the 
expected responses of rate-dependent plasticity, creep, 
and relaxation as well as appropriate anisotropic fea- 
tures. Predictions of relaxation and hysteresis loops 
for different fiber orientation angles on a tungsten/ 
copper like material are shown in Figs. 1 1  and 12. 
! J  
of a directional tensor, and T the ? ,emperature. The 
COM?UTATIONAL METt:CCS AND CODE SEVELOPMEYT 
General Electric Contract 
It has become apparent in recent years that th~i-2 
is a serious problem of interfacing the output temper- 
atures and terriperature gradients from either the neat 
transfer codes or engine tests with the input to the 
stress analysis codes. With the growth in computer 
postprocessors, the analysis of hot section components 
using hundreds and even thousands of nodes in the heat 
transfer and stress models has Decome economical and 
routine. This has exacerbated the problem of manual 
transfer of output three-dimenzional temperatures from 
heat transfer codes to stress analysis input to where 
the engineering effort required is comparable to that 
required for the remainder of the analysis. Further- 
more, a considerable amcunt of approximation has been 
introduced in an effort to accelerate the process. 
This tends to introduce errors into the temperature 
data which negates the improved accuracy in the tem- 
perature distribution achieved through use of a fine 
mesh. There is, then, a strong need for an automatic 
thermal interface module. A module was developed 
under contract NAS3-23272, "Burner Liner Thermal/ 
Structural Load Modeling," (Maffeo, 1984). 
transfer module were that it handle independent mesh 
configurations, finite difference and finite element 
heat transfer codes, perform the transfer in an accu- 
rate and efficient fashion and the total system be 
flexible for future applications. Key features of the 
code developed include: independent heat transfer ana 
stress model fleshes. accurate transfer of thermal data, 
computationally efficient transfer. user friendly pro- 
gram, flexible system, internal coordinate transforma- 
tions, automated exterior surfacing techniques and 
geomszrical and temporal windowing capability. 
CITS) is shown in Fig. 13. The module can process 
heat transfer results directly from the MARC: (finite 
The overall objectives of this thermal/structural 
A schematic of the g a n s f e r  ealysis code (TRAN- 
4 
, 
s l e m e n t )  a n d  SINDA ( f i n i t e  d i f f e r e n c e )  p r o g r a m s  and  
d i l l  o u t p u t  t e a p e r a t u r e  I n f o r m a t i o n  i n  t h e  f o r m s  
r e a u i r e d  f o r  MARC a n d  NASTRAN. The i n p u t  a n d  o u t p u t  
r o u t i n e s  i n  t h e  m o d u l e  a r e  v e r y  f l e x i b l e  a n d  c o u l d  
e a s i l y  b e  m o d i f i e d  t h r o u g h  a n e u t r a l  f i l e  t o  e x c e p t  
j a t a  from o t h e r  h e a t  t r a n s f e r  codes  and f o r m a t  d a t a  
to  o r n e r  s t r e s s  a n a l y s i s  c o d e s .  
:o e f f i c i e n t l y  and  a c c u r a t e l y  t r a n s f e r  t h e r m a l  d a t a  
f r o m  d i s s i m i l a r  h e a t  t r a n s f e r  meshes t o  s t r e s s  meshes.  
'he f u n d a m e n t a l  p a r t  of t h e  c o d e ,  t h e  t h r e e - d i m e n s i o n a l  
j e a r c n ,  i n t e r p o l a t i o n  a n d  s u r f a c i n g  r o u t i n e s ,  h a v e  mucn 
q o r e  o o t e n t i a l .  They form an o u t s t a n d i n g  f o u n d a t i o n  
'or a u t o m a t i c  c o n s t r u c t i o n  o f  embedded meshes .  l o c a l  
e l e m e y t  mesn r e f i n e m e n t ,  and  t h e  t r a n s f e r  of o t h e r  
m e c n a n i c a l  t y p e  I c a d i n g .  
- h i s  t h e r m a l  l o a d  t r a n s f e r  m o d u l e  h a s  been  shown 
G e n e r a l  E l e c t r i c  C o n t r a c t  
The o v e r a l l  o b i e c t i v e  o f  t h i s  D r o q r a m  was t o  
d e v e l c p  and  v e r i f y  
m o a e l i n g  and  a n a l y s i s  t e c h n i q u e s  s p e c i a l i z e d  t o  
addre85  h o t  s e c t i o n  componen ts .  These t e c h n i q u e s  
i n c o r p o r a t e  d a t a  as  w e l l  as  t h e o r e t i c a l  m e t h o d s  f r o m  
many c l i v e r s e  a r e a s  i n c l u d i n g  c y c l e  a n d  p e r f o r m a n c e  
a n a l y s i s ,  h e a t  t r a n s f e r  a n a l y s i s ,  l i n e a r  a n d  n o n l i n -  
e a r  s i r e s s  a n a l y s i s ,  a n d  m i s s i o n  a n a l y s i s .  B u i l d i n g  
o n  t h e  araven t e c h n i q u e ;  a l r e a d y  a v a i l a b l e  i n  t h e s e  
f i e l d s ,  t h e  new methods  d e v e l o p e d  t h r o u g h  t h i s  con-  
t r a c t  were i n t e g r a t e d  i n t o  a s y s t e m  w h i c h  p r o v i d e s  a n  
a c c u r a t e ,  e f f i c i e n t ,  and  u n i f i e d  a p p r o a c h  t o  a n a l y z -  
i n g  h o t  s e c t i o n  s t r u c t u r e s .  The me thods  a n d  codes  
d e v e ! o c e d  g n d e r  t h i s  c o n t r a c t ,  NAS3-23687, "Component-  
S p e c i f i c  M o d e l i n g , "  ( M c K n i g h t ,  1985)  p r e d i c t  t empera -  
t u r e s ,  d e f o r m a t i o n ,  s t r e s s  a n d  s t r a i n  h i s t o r i e s  
t h r o u g h c u t  a c o m p l e t e  f l i g h t  mission. 
F i v e  b a s i c  m o d u l e s  were  d e v e l o p e d  a n d  t h e n  l i n k e d  
toge:??r  v i t h  a n  e x e c u t i v e  m o d u l e .  
( 1 )  The I h e r m o g y n a m i c  E n g i n e  y o d e l  (TDEM) w h i c h  
i s  t h e  s u b s y s t e m  o f  c o m p u t e r  s o f t w a r e .  I t  t r a n s l a t e s  
a l i s t  o f  m i s s i o n  f l i g h t  p o i n t s  and  d e l t a  t i m e s  i n t o  
t i m e  p r o f i l e s  o f  m a j o r  e n g i n e  p e r f o r m a n c e  p a r a m e t e r s .  
I t s  p r e s e n t  d a t a  base  c o n t a i n s  CF6-5OC2 e n g i n e  p e r -  
f o r m a n c e  j a t a .  I n  o r d e r  t o  a d a p t  t h i s  s y s t e m  t o  a 
d i f f e r e n t  e n g i n e  r e q u i r e s  o n l y  t h e  r e s t o c k i n g  o f  t h i s  
d a t a  base  w i t h  t h e  a p p r o p r i a t e  e n g i n e  p e r f o r m a n c e  
d a t a .  
t h e  s u b s y s t e v  o f  c o n z u t e r  s o f t w a r e  w h i c h  w o r k s  w i t h  
t h e  o u t p u t  o f  t h e  TDEM to p r o d u c e  t h e  m i s s i o n  c y c l e  
l o a d i n g  on t h e  i n d i v i d u a l  h o t  s e c t i o n  c o m p o n e n t s .  
T h e r e  a r e  s e p a r a t e  segments for  t h e  c o m b u s t o r ,  t h e  
t u r b i n e  b l a d e ,  and  t h e  t u r b i n e  vane .  These segmen ts  
t r a n s l a t e  t h e  m a j o r  e n g i n e  p e r f o r m a n c e  p a r a m e t e r  pro- 
f i l e s  from t h e  TDEM i n t o  p r o f i l e s  o f  t h e  l o c a l  t he rmo-  
dynamic  l o a d s  ( p r e s s u r e s ,  t e m p e r a t u r e s ,  rpm) for e a c h  
c o m p o n e i t .  The f o r m u l a s  w h i c h  p e r f o r m  t h i s  m a p p i n g  i n  
t h e  TDCM mode ls  were  d e v e l o p e d  for t h e  s p e c i f i c  e n g i n e  
c o m p o f i ? n t j .  To a d a p t  t h e s e  m o d e l s  t o  a d i f f e r e n t  
e n g i n e  w o u l d  r e q u i r e  e v a l u a t i n g  t h e s e  f o r m u l a s  f o r  
t h e i r  s i m u l a t i o n  c a p a b i l i t y  and  m a k i n g  a n y  n e c e s s a r y  
c h a n g s s .  
s e r i e s  o f  i n t e i d i i c i p l i n a r y  
They a r e :  
( 2 )  The I h e r m c g y n a m i c  Loads  Model  (TDLM) w h i c h  i s  
( 3 )  The Component S p e c i f i c  S t r u c t u r a l  M o d e l i n g  
w h i c h  i s  t h e  h e a r t  o f  t h e  g e o m e t r i c  m o d e l i n g  and  mesh 
g e n e r a t i o n  u s i n g  t h e  r e c i p e  c o n c e p t .  A g e n e r i c  geome- 
t r y  p a t t e r n  i s  d e t e r m i n e d  f o r  each  componen t .  A 
r e c i o e  i s  d e v e l c p e d  f o r  t h i s  b a s i c  g e o m e t r y  i n  t e r m s  
of p o i n t  c o o r d i n a t e s ,  l e n g t h s ,  t h i c k n e s s e s ,  a n g l e s ,  
and r a d i i .  These r e c i p e  p a r a m e t e r s  a r e  e n c o d e d  i n  
compu:er s o f t d a r e  as v a r i a b l e  i n p u t  p a r a m e t e r s .  A s e t  
o f  d e f a u l  t - ' n u m e r i c a l  v a l u e s  a r e  s t o r e d  f o r  t h e s e  
p a r a m e t e r s .  The u s e r  n e e d  o n l y  i n p u t  v a l u e s  for  t h o s e  
p a r a m e t e r s  w h i c h  a r e  t o  have  d i f f e r e n t  v a l u e s .  These 
r e c i p e  p a r a m e t e r s  t h e n  u n i q u e l y  d e f i n e  a g e n e r i c  :om- 
p o n e n t  N i t h  t h e  d e f i n e d  d i m e n s i o n s .  The s o f t w a r e  
l o g i c  t h e n  w o r k s  w i t h  t h e s e  p a r a m e t e r s  t o  d e v e l o p  a 
f i n i t e  e l e m e n t  model  of t h i s  g e o m e t r y  c o n s i s t i n g  o f  
20-noded i s o p a r a m e t r i c  e l e m e n t s .  The u s e r  s p e c i f i e s  
t h e  number and  d i s t r i b u t i o n  of t h e s e  e l e m e n t s  t h r o u g h  
i n p u t  c o n t r o l  p a r a m e t e r s .  F i g u r e  14  shows t h e  g e n e y i c  
g e o m e t r y  and  r e c i p e  f o r  a c o m b u s t o r  l i n e r  p a n e l .  
( 4 )  The s u b s y s t e m  w h i c h  o e r f o r m s  t h e  t h r e e -  
d i m e n s i o n a l  n o n l i n e a r  f i n i t e  e ! e n e n t  a n a l y s i s  o f  t h e  
h o t  s e c t i o n  compcnen t  model  a n d  was d e v e l o D e d  u n d e r  
t h e  NASA HOST c o n t r a c t  NAS3-23698, " t h r e e - d i m e n s i o n a i  
I n e l a s t i c  A n a l y s i s  Me thods  for  Hot S e c t i o n  S t r u c t u r e s . "  
T h i s  s o f t w a r e  p e r f o r m s  i n c r e m e n t a l  n o n l i n e a r  f i n i t e  
e l e m e n t  a n a l y s i s  o f  comp lex  t h r e e - d i m e n s i o n a l  s t r u c -  
t u r e s  u n d e r  c y c l i c  t h e r m o m e c h a n i c a l  l o a d i n g  w i t h  tem- 
p e r a t u r e  d e p e n d e n t  m a t e r i a l  p r o p e r t i e s  and  m a t e r i a l  
r e s p o n s e  b e h a v i o r .  The n o n l i n e a r  a n a l y s i s  c o n s i d e r s  
b o t h  t i m e - i n d e 2 e n d e n t  and  t i m e - d e p e n d e n t  m a t e r i a l  
b e h a v i o r .  Among t h e  c o n s t i t u t i v e  m o d e l s  a v a i l a b l e  i s  
t h e  H a i s l e r - A l l e n  c l a s s i c a l  model  w h i c h  p e r f o r m s  p l a s -  
t i c i t y  a n a l y s i s  w i t h  i s o t r o p i c  m a t e r i a l  r e s p o n s e ,  
k i n e n a t i c  m a t e r i a l  r e s p o n s e ,  or  a c o m b i n a t i o n  o f  i s o -  
t r o p i c  and  k i n e m a t i c  m a t e r i a l  r e s p o n s e .  T h i s  i s  com- 
b i n e d  w i t h  a c l a s s i c a l  c r e e p  a n a l y s i s  f o r m u l a t i o n .  A 
m a j o r  advance  i n  t h e  a b i l i t y  t o  p e r f o r m  t i m e - d e ? e n d e ? t  
a n a l y s e s  i s  a d y n a m i c  t i m e  i n c r e m e i t i n g  s t r a t e c ; y  
i n c o r p o r a t e d  i n  t h i s  s o f t w a r e .  
( 5 )  The COSMO s y s t e m  w h i c h  c o n s i s t s  o f  an e x e c u -  
t i v e  m o d u l e  w h i c h  c o n t r o l s  t h e  TDEM, TDLM, t h e  geomet-  
r i c  m o d e l e r ,  t h e  s t r u c t u r a l  a n a l y s i s  c o d e ,  t h e  f i l e  
s t r u c t u r e l d a t a  b a s e ,  and  c e r t a i n  a n c i l l a r y  m o d u l e s .  
The a n c i l l a r y  m o d u l e s  c o n s i s t  o f  a band  w i d t h  o p t i -  
m i z e r  modu le ,  a d e c k  g e n e r a t i o n  m o d u l e ,  a r e m e s h i n g /  
mesh r e f i n e m e n t  m o d u l e  and  a o o s t p r o c e s s i n g  m o d u l e .  
The e x e c u t i v e  d i r e c t s  t h e  r u n n i n g  o f  e a c h  m o d u l e ,  con -  
t r o l s  t h e  flow o f  d a t a  among m o d u l e s  and  c o n t a i n s  t h e  
s e l f a d a p t i v e  c o n t r o l  l o g i c .  F i g u r e  1 5  i s  a f low c h a r t  
o f  t h e  COSMO s y s t e m  s h o w i n g  d a t a  f low and  t h e  a c t i o n  
p o s i t i o n s  o f  t h e  a d a p t i v e  c o n t r o l s .  The m o d u l a r  d e s i g n  
o f  t h e  s y s t e m  a l l o w s  e a c h  s u b s y s t e m  t o  b e  v i e w e d  as  a 
p l u g - i n  m c d u l e .  They c a n  be a b s t r a c t e d  a n d  r u n  a l o n e  
or r e p l a c e d  w i t h  a l t e r n a t e  s y s t e m s .  
The i d e a s ,  t e c h n i q u e s ,  and  c o m p u t e r  s o f t w a r e  
d e v e l o p e d  i n  t h e  Component S p e c i f i c  M o d e l i n g  p r o g r a m  
h a v e  p r o v e n  t o  be e x t r e m e l y  v a l u a b l e  i n  a d v a n c i n g  t h e  
p r o d u c t i v i t y  a n d  d e s i g n - a n a l y s i s  c a p a b i l i t y  f o r  h o t  
s e c t i o n  s t r u c t u r e s .  
G e n e r a l  E l e c t r i c  C o n t r a c t  
U n d e r  NASA c o n t r a c t  NAS3-23698, " T h r e e - D i m e n s i o n a l  
I n e l a s t i c  A n a l y s i s  M e t h o d s  f o r  H o t  S e c t i o n  Compo- 
n e n t s , "  ( M c K n i g h t  e t  a l . ,  1 9 8 6 ) ,  a s e r i e s  o f  t h r e e -  
d i m e n s i o n a l  i n e l a s t i c  s t r u c t u r a l  a n a l y s i s  c o m p u t e r  
codes were  d e v e l o p e d  a n d  d e l i v e r e d  t o  NASA L e w i s .  
The o b j e c t i v e  o f  t h i s  p r o g r a m  was t o  d e v e l o p  a n a l y t i -  
c a l  me thods  c a p a b l e  o f  e v a l u a t i n g  t h e  c y c l i c  t i m e -  
d e p e n d e n t  i n e l a s t i c i t y  w h i c h  o c c u r s  i n  h o t  s e c t i o n  
e n g i n e  componen ts .  Because of t h e  l a r g e  e x c u r s i o n s  i n  
t e m p e r a r u r e  a s s o c i a t e d  w i t h  h o t  s e c t i o n  e n g i n e  compo- 
n e n t s ,  t h e  t e c h n i q u e s  d e v e l o p e d  m u s t  be a b l e  t o  accom- 
moda te  l a r g e  v a r i a t i o n s  i n  m a t e r i a l  b e h a v i o r  i n c l u d i n g  
p l a s t i c i t y  and  c r e e p .  To mee t  t h i s  o b j e c t i v e ,  G e n e r a l  
E l e c t r i c  d e v e l o p e d  a m a t r i x  c o n s i s t i n g  o f  t h r e e  con-  
s t i t u t i v e  mode ls  a n d  t h r e e  e l e m e n t  f o r m u l a t i o n s .  A 
s e p a r a t e  p r o g r a m  for e a c h  c o m b i n a t i o n  o f  c o n s t i t u t i v e  
m o d e l - e l e n e i t  model  was w r i t t e n ,  m a k i n g  a t o t a l  o f  
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- 
nine programs. 
zapability of performing cyclic nonlinear analysis. 
tinct forms: a simplified theory (simple model), a 
classical theory, and a unified theory. In an inelas- 
tic analysis, the simplified theory uses a bilinear 
srress-strain curve to determine the plastic strain 
and a Dower law equation to obtain the creep strain. 
The second model is the classical theory of Haisler 
and Allen. The third model is the unified model of 
Bodner and Partom. All of the models were programmed 
for a linear variation of loads and temperatures with 
the material properties being temperature dependent. 
'he three element formulations used are an 8-node 
isoDaramerric shell element, a 9-nc3e shell element, 
and a 20-node isoparametric solid element. The 8-node 
element uses serendipity shape functions for interpo- 
lation and Gaussian quadrature for numerical integra- 
tion. Lagrange shape functions are used in the 9-node 
element. For numerical integration, the 9-node ele- 
ment uses Simpson's rule. The 20-node solid element 
uses Gaussian quadrature for integration. 
For the linear analysis of structures, the nine 
codes use a Dlocked-column skyline, out-of-core equa- 
tion solver. To analyze structures with nonlinear 
material behavior, the codes u s e  an initial stress 
iterative sche-ne. 8itken's acceleration scheme was 
incorporated into the codes to increase the conver- 
gence -ate of the iteration scheme. 
The aSility to model piecewise linear load histo- 
ries was written into the codes. Since the inelastic 
strain rare can change dramatically during a linear 
load history, a dynamic time-incrementing procedure 
was included. The maximum inelastic strain increment, 
maximum stre;s increment, and the maximum rate of 
change of the inelastic strain rate are the criteria 
that control the size of the time step. The minimum 
time ste;, calculated from the three criteria is the 
value that i s  used. 
values can be extracted using either the deterninant 
search technique or the subspace iteration method. 
These methcd; are only included with thoss finite- 
elemsnt codes containing the 8-node shell element. 
Each program was given a stand alone 
The three constitutive mode!s are in three dis- 
In dynanic analysis, the e'genvectors and eigen- 
~ Pratt and Whitnev Aircraft Contract 
NAS3-23697. "Three-dimensional Inelastic Analysis 
Methods for Hot Section Components," (Nakazawa, 1987; 
Wilson, and Banerjee, 1986) was to produce three new 
computer codes to permit accurate and efficient three- 
The objective of the work done under contract 
~ i r n r n r i n n ~ l  i n o l a c t i r  a n a l w c i c  nf r n m h i t c t n r  l i n p r c  
" I I , I C 1 i > , " , , Y ,  S , , L , U . , L , L  U " . . ' , ~ ' .  ". --... -I-_-. . . . . -  - ,  
turbine blades, and turbine vanes. The three codes 
developed are called MOMM (Mechanics of Materials 
- Model), MHOST (MARGHOST) and BEST (Boundary Element 
Stress Iechnology). These codes embody a progression 
of mathemtical models for increasingly comprehensive 
representation of the geometrical features, loading 
conoitlons, and forms of nonlinear material response 
that distinguish the three groups of hot section 
components. 
Software in the form of stand-alone codes was 
developed by Pratt and Whitney Aircraft (PWA) with 
assistance from three subcontractors: MARC Analysis 
9esearcn CorDoration (MARC), United Technology 
Research Center (UTRC), and the State University of 
N e u  YorK at Euffalo (SUNY-6). 
model; were implemented in MOMM. MHOST, and BEST to 
account fcr inelastic material behavior (plasticity, 
creep, in the elevated temperature regime. The sim- 
plified model assumes a bilinear approximation of 
-hree increasingly sophisticated constitutive 
stress-strain response and glosses over the ccm7lica- 
tions associated with strain rate effects, etc. The 
state-of-the-art model partitions rime-independent 
plasticity and time-dependent creep in the conven- 
tional way, invoking the von Mises yield criterion 
and standard (isotropic, kinematic, combined) harden- 
ing rules for the former, and a power law for the !at- 
ter. Walker's viscoplasticity theory which accounts 
for the interaction between creep/relaxation and Dlas- 
ticity that occurs under cyclic loading conditions, 
has been adopted as the advanced constitutive model. 
code that utilizes one-, two- and three-dimensionai 
arrays of beam elements to simulate hot section iomco- 
nent behavior. Despite limitations of such beam mcoel 
representations, the code will be useful during early 
phases of component design as a fast, easy to use, 
computationally efficient tool. All of the structural 
analysis types (static, buckling, vibration, dynam- 
ics), as well as the three constitutive models men- 
tioned above, are provided by MCMM. Capabilities of 
the code have been tested for a variety of simple 
problem discretizations. 
(brick) elements in a mixed method framewcrk to pro- 
vide compreheisive capabilities for investigating 
local (stressistrain) and global (vibration, buck- 
ling) behavior of hot section components. Attention 
was given to the development of solution algorithms, 
integration algorithms for stiffness, strain recovery 
and residual terms, and modeling methods that permit 
accurate representations of thermal effects on struc- 
tural loading and material properties, as well as gec- 
me tr i ca 1 d i scon t i nu i ti e s . 
The three constitutive models implementes are the 
secant elasticity model, von Mise's plasticity model, 
and Walker's creep plasticity model. Temperature 
dependency and anisotropy can oe obtained through user 
subroutines in MHOST. Nonlinear transient analysis 
and eigenvalue extraction for buckling and modal 
analyses are some of the other important features in 
the program. The improved algorithm models and finite 
elements impleaeited in the code significantly reduced 
CPU (Central Processing Units) time requiremects for 
three-dimensional analyses. 
code, considerable efforts were made in aoplying the 
code in different cases with results compared to theo- 
retical predictions or numerical values generated by 
other codes. For example, the code was used in-house 
to analyze a General Electric CF/6 -50  engine blade and 
rotor model with data generate3 by a computational 
structural mechanics simulator system. The simulator 
system provided data, such as pressure and temperature 
distribution, centrifugal force, and time duration, at 
various stages of flight. Figure 16 shows the varia- 
tion of the radical displacement of the leading edge 
tip in the static condition during the entire flight 
without consideration of the centrifugal force effect. 
BEST30 - This is a general purpose three- 
dimensional structural analysis program utilizing the 
boundary element method. The method has been imple- 
mented for very general three-dimensional geometries, 
and for elastic, inelastic and dynamic stress analy- 
sis. Although the feasibility of many of the capabil- 
ities provided has been demcnstrated in a number of 
individual prior research efforts, the present code is 
the first in which they have been made available for 
large scale problems in a single code. In addition, 
important basic advances have been made in a number of 
areas, including the development and implementation of 
a variable stiffness plasticity algorithm, the inccr- 
poration of an embedded time algorithm for elastody- 
namics and the extensive application of particular 
- This is a stiffness method finite element 
, 
- This code employs both shell and solid 
To test the validity of the MHGST finite-element 
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s o l u t i c n s  w i t h i n  t h e  b o u n d a r y  e l e m e n t  m e t h o d .  Y a j o r  
f e a t u r e s  p r e s e n t l y  a v a i l a b l e  i n  t h e  BEST3D code  
I n c l u d e :  v e r y  g e n e r a l  g e o m e t r y  d e f i n i t i o n ,  i n c l u d i n g  
t h e  u s e  o f  d o u b l e  c u r v e d  i s o p a r a m e t r i c  s u r f a c e  e l e -  
n e n t s  a n d  v o l u m e  c e l l s ,  w i t h  p r o v i s i o n  o f  f u l l  sub-  
s t r u c t u r i n g  c a p a b i l i t y ;  g e n e r a l  c a p a b i l i t y  for  t h e  
d e f i n i t i o n  o f  c o m p l e x ,  t i m e - d e p e n d e n t  b o u n d a r y  c o n d i -  
: i ons :  c a p a b i l i t y  for  n o n l i n e a r  a n a l y s i s  u s i n g  a 
, / a r i e t y  of a l g o r i t h m s ,  s o l u t i o n  p r o c e d u r e s  and  c o n s t i -  
t u t i v e  m o d e l s ;  and  a v e r y  c o m p l e t e  e l a s t o d y n a m i c  capa-  
b i l i t y  i n c l u d i n g  p r o v i s i o n  fo r  f r e e  v i b r a t i o n ,  f o r c e d  
r e s p o n s e  and  t r a n s i e n t  a n a l y s i s .  
d i c t i o n s  from BESi3D w i t h  t h o s e  from t h e o r e t i c a l  
a n d / o r  n u m e r i c a l  p r e d i c t i o n s  a n d  some e x p e r i m e n t a l  
d a t a .  F o r  e x a m p l e ,  r e s u l t s  from a benchmark  n o t c h  
t e s t  o r o g r a m  w e r e  u s e d .  
e l e m e n t  meshes f o r  o n e - q u a r t e r  o f  a spec imen  gage sec -  
t i o n  a r e  shown i n  F i g .  17. Measuremen ts  o f  n o t c h  root 
s t r e s s - s t r a i n  b e h a v i o r  f o r  i n i t i a l  u p l o a d i n g s  were 
compared  w i t h  p r e d i c t i o n s  ( F i g .  1 8 ) .  S i m u l a t i o n  o f  
f i r s t - c y c l e  n o t c h  root  b e h a v i o r  w i t h  BEST3D was p r o v e n  
to  be q u i t e  a c c u r a t e .  
The BEST3D code  was v a l i d a t e d  b y  c o m p a r i n g  p r e -  
I 
F i n i t e  e l e m e n t  a n d  b o u n d a r y  
EXPERIGENTA? F A C I L I T I E S  AND DATA 
Oak 2 i d o e  Y a t i o n a l  L a b o r ; l t o r v  I n t e r a g e n c y  A a r e e n e n t  
An e x p e r i m e n r a l  e f f o r t  was u n d e r t a k e n  u n d e r  
I n t e r a s e n c y  A g r e e m e n t  Number 10-1447-84 a n d  U.S.  
D e p a r t r c e n t  o f  E n e r g y  c o n t r a c t  DE-AC05-840R 21400  w i t h  
M a r t i n  M a r i e t t a  E n e r g y  Sys tems  I n c . .  " D e t e r m i n a t i o n  
o f  S u r f a c e  o f  C o n s t a n t  I n e l a s t i c  S t r a i n  R a t e  a t  E l e -  
v a t e d  T e m p e r a t o r e , "  ( B a t t i s t e ,  a n d  B a l l ,  1 9 8 6 ) .  
S p e c i a l  e x p l o r a t o r y  m u l t i a x i a l  d e f o r m a t i o n  t e s t s  on 
t u b u l a r  spec imens  o f  t y p e  316  s t a i n l e s s  s t e e l  a t  
649  "C ( 1 2 0 0  " F )  were  c o n d u c t e d  t o  i n v e s t i g a t e  t i m e -  
depend?:: m a t e r i a l  b e h a v i o r .  
I n  c l a s s i c a l  p l a s t i c i t y  t h e  c o n c e p t  of y i e l d  s u r -  
f a c e s  i n  m u l t i a x i a l  s t r e s s  space  p l a y s  a c e n t r a l  r o l e ,  
not on ly  i n  t h e  d e f i n i t i o n  of i n i t i a l  y i e l d i n g  b u t  i n  
d e t e r m i n i n g  s u b s e q u e n t  p l a s t i c  f low. A t  h i g h  t e m p e r a -  
t u r e s  t h e  d e f o r m a t i o n  b e h a v i o r  o f  s t r u c t u r a l  a l l o y s  i s  
s t r o n g l y  t i m e  d e p e n d e n t .  C o n s e q u e n t l y ,  t h e  s i g n i f i -  
cance  o f  y i e l d  s u r f a c e s  b r e a k s  down, a n d  i t  h a s  been  
p r o p o s e 3  t h a t  i n  t h e i r  p l a c e  t h e  c o n c e p t  of i u r f a c e s  
of c o n s t a n t  i n e l a s t i c  s t r a i n  r a t e  (SCISR) m i g h t  be 
u t i l i z e d .  Such s u r f a c e s ,  c a l l e d  SCISRs, c a n  be shown 
to h a v e  a p o t e n t i a l  n a t u r e  and  t h u s  c o n s t i t u t e  t h e  
b a s i s  o f  a r a t i o n a l  m u l t i a x i a l  v i s c o p l a s t i c  c o n s t i t u -  
t i v e  t h e o r y .  
A s u r f a c e  o f  c o n s t a n t  i n e l a s t i c  s t r a i n  r a t e  was 
d e t e r r r i i n e d  b y  l o a d i n g  t h e  s p e c i m e n  a t  a c o n s t a n t  
e f f e c t i v e  s t r e s s  r a t e  i n  t h e  t w o - d i m e n s i o n a l  a x i a l /  
t o r s i o n a l  s t r e s s  s t a t e  i n  v a r i o u s  d i r e c t i o n s  u n t i l  a 
p r e d e t e r m i n e d  i n e l a s t i c  e f f e c t i v e  s t r a i n  r a t e  was 
r e a c h e d .  A f t e r  e a c h  p r o b e ,  t h e  s t r e s s  was r e t u r n e d  t o  
t h e  i n i t i a l  s t a r t i n g  p o i n t ;  t h u s  a l o c u s  o f  p o i n t s  
( s u r f a c e  o f  c o n s t a n t  i n e l a s t i c  s t r a i n  r a t e )  was 
e s t a b l i s h e d .  
Two t y p e s  o f  t e s t s  w e r e  c o n d u c t e d .  One t e s t  
spec imen  was s u b j e c t e d  t o  a t i m e - i n d e p e n d e n t  t o r s i o n a l  
s h e a r  s t r a i n  t e s t  h i s t o r y ,  a n d  s u r f a c e s  o f  c o n s t a n t  
i n e l a s t i c  s t r a i n  r a t e  (SCISRs)  i n  a n  a x i a l / t o r s i o n a l  
s t r e s s  space w e r e  measured  a t  v a r i o u s  p r e d e t e r m i n e d  
D o i n t s  d u r i n g  t h e  t e s t .  A s e c o n d  s p e c i m e n  was SUD- 
j e c t e d  to  a 14-week t i m e - d e p e n d e n t  ( c r e e p - r e c o v e r y -  
c r e e p  p e r i o d s )  t o r s i o n a l  s h e a r  s t r e s s  h i s t o g r a m .  
SCISRs d e t e r m i n a t i o n s  w e r e  made a t  17 p o i n t s  d u r i n g  
t h e  t e s t .  The t e s t s  were  c o n d u c t e d  i n  a h i g h -  
t e m p e r a t u r e ,  c o m p u t e r - c m t r o l l e d  a x i a l  / t o r s i o n a l  t e s t  
f a c i l i t y  u s i n g  a n  Oak R i d g e  N a t i o n a l  L a b o r a t o r y  d e v e l -  
o p e d  h i g h - t e m p e r a t u r e  m u l t i a x i a l  e x t e n s o m e t e r .  
ORIGINAL PAGE IS 
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A k e y  r e s u l t  c f  t h i s  t e s t i n g  e f f o r t  was t h a t  s u r -  
f a c e s  of c o n s t a n t  i n e l a s t i c  s t r a i n  r a t e  e x i s t  and  c a n  
be d e t e r m i n e d  or measured  a t  a n  e l e v a t e d  t e m p e r a t u r e .  
650 "C. T h i s  i s  shown i n  F i g .  1 9 .  The c o n c l u s i o n  i s  
v a l i d a t e d  or  d e d u c e d  b y  t h e  e x e c u t i o n  o f  t h e  t e s t  p r o -  
grams a n d  b y  t h e  c o n s i s t e n c y  o f  t h e  s u r f a c e  r e s u l t s ,  
e s p e c i a l l y  t h e  r e p e a t e d  s u r f a c e s .  To o u r  k n o w l e d g e .  
t h i s  i s  t h e  f i r s t  s u c c e s s f u l  d e t e r m i n a t i o n  o f  h i g h -  
t e m p e r a t u r e  s u r f a c e s  o f  c o n s t a n t  i n e l a s t i c  s t r a i n  
r a t e .  
A l t h o u g h  c o n c l u s i o n s  r e g a r d i n g  t h e  e f f e c t  o f  
t h e s e  SCISRs d a t a  o n  d i f f e r e n t  t h e o r i e s  w i l l  be l e f t  
t o  t h e  c o n s t i t u t i v e  e q u a t i o n  d e v e l o p e r s ,  s e v e r a l  
r e s u l t s  c a n  b e  s t a t e d .  F i r s t ,  t h e  s u r f a c e s  d i d  n o t  
move or  cnange  shape  i n  t h e  a x i a l / t o r s i o n a l  s t r e s s  
s t a t e  b y  a n y  s i g n i f i c a n t  amoun t .  Second,  a d e d u c t i o n  
t h a t  p l a s t i c  d e f o r m a t i o n s  h a v e  a l a r q e r  e f f e c t  t n a n  
c r e e p  d e f o r m a t i o n s  can  be s t a t e d .  T h i r d ,  SCISRs 
d e t e r m i n e d  i m m e d i a t e l y  a f t e r  l a r g e  p l a s t i c  d e f o r m a -  
t i o n  show more i n c o n s i s t e n t  r e s u l t s  t h a n  SCISRs w h i c h  
have  n o t  u n d e r g o n e  ' m e d i a t e  p r i o r  p l a s t i c  d e f o r m a -  
t i o n s .  L a s t ,  t h e  e x t e n s o m e t e r  s y s t e m  and s o f t w a r e  
c o n t r o l  s y s t e n  ;:r formcd e x t r e m e l y  w e l l  i n  a d i f f i -  
c u l t  a p p l i c a t i o n .  
I n - h o u s e  L s w i s  R e s e 2 r c h  C e n t e r  E x g e r i m i t a l  F a c i  1 i -  
t i e s  a n d  D a t a  
U n i a x i a l  T e s t  S y s t e m s .  IJnder  HOST, r e c e n t  expan-  
s i o n  o f  t h e  u n i a x i a l  t e s t i n g  c a p a b i l i t y  o f  t h e  f a t i g u e  
and  s t r u c t u r e s  l a b o r a t o r y  i n c l u d e d  t h e  a d d i t i o n  o f  
four ne'w t e s t  sys tems  ( B a r t o l o t t a ,  a n d  McGaw, 1 9 8 7 ) .  
One of t h e s e  s y s t e m s  i s  shown i n  F i g .  2 0 .  The l o a d  
r a t i n g  f o r  two o f  t h e  new sys tems  i s  29072 k g  
( 2 2 0  000 l b ) .  a n d  t h e  o t h e r  two a t  t 2 2  680  k g  
(250 000 l b ) .  Each s y s t e m  i s  e q u i p p e d  w i t h  a s t a t e -  
o f - t h e - a r t  d i g i t a l  c o n t r o l l e r .  The d i g i t a l  c o n t r o l -  
l e r s  h a v e  t h e  a b i l i t y  t o  c o m p l e t e  a smoo th  c o n t r o l  
mode t r a n s f e r ,  w h i c h  i s  a c c o m p l i s h e d  e i t h e r  m a n u a l l y  
or e l e c t r o n i c a l l y .  T h i s  f e a t u r e  w i l l  make i t  p o s s i b l e  
to c o n d u c t  some o f  t h e  more  comp lex  t e s t s  t h a t  h a v e  
been  d e f i n e d  b y  t h e  c o n s t i t u t i v e  model  d e v e l o p e r s  a t  
NASA L e w i s  a n d  e l s e w h e r e .  Spec imen  h e a t  i s  p r o v i d e d  
b y  5 kW r a d i o  f r e q u e n c y  i n d u c t i o n  h e a t e r s .  A x i a l  
s t r a i n s  a r e  me3sured  u s i n g  a n  a x i a l  e x t e n s o m e t e r .  To 
s t u d y  t h e  e f f e c t s  o f  t h e  e n v i r o n m e n t  on c r e e p - f a t i g u e  
b e h a v i o r ,  t h e  two s m a l l e r  l o a d  c a p a c i t y  t e s t  sys tems  
a r e  e q u i p p s d  w i t h  e n v i r o n m e n t a l  chambers  c a p a o l e  o f  
p r o v i d i n g  a vacuum a n d / o r  a n  i n e r t  e n v i r o n m e n t .  The 
e n v i r o n m e n t a l  chamber i s  a b l e  t o  s u s t a i n  a vacuum of 
2 . 6 7 ~ I O - ~  Pa (2x10-6  to r r )  w i t h  a s p e c i m e n  t e m p s r a t u r e  
o f  1093  "C ( 2 0 0 0  O F ) .  A l l  s y s t e m s  i n c l u d e  w a t e r -  
c o o l e d  h y d r a u l i c  g r i p s  f o r  s i m p l e  spec imen  j n s t a l l a -  
t i on .  By t h e  mealis o f  e x c h a n g i n g  two c o l l e t s  t h e s e  
g r i p s  c a n  be a d a p t e d  t o  h a n d l e  e i t h e r  f l a t  b a r ,  smooth 
shank ,  or t h r e a d e d - e n d  s p e c i m e n s .  Each u n i a x i a l  s y s -  
t em h a s  i t s  own m i n i c o m p u t e r  for  e x p e r i m e n t a l  c o n t r o l  
a n d  d a t a  a c q u i s i t i o n .  P r e l i m i n a r y  s o f t w a r e  has been  
d e v e l o p e d  b y  t h e  e x p e r i m e n t a l i s t s  t o  c o n d u c t  t e s t s  as  
s i m p l e  as  a low c y c l e  f a t i g u e  t e s t ,  a n d  a s  c o m p l i c a t e d  
as  t h e r m o m f c h z n i c a l  t e s t s .  
S i a x i a l  T e s t  Sys tems .  I n  many l i f e  a n d  m a t e r i a l  
b e h a v i o r  m o d e l s ,  m u l t i a x i a l  r e p r e s e n t a t i o n s  a r e  f o r m u -  
l a t e d  b y  m o d i f y i n g  u n i a x i a l  c r i t e r i a .  U n f o r t u n a t e l y ,  
t h i s  m e t h o d  does  not  a l w a y s  a c h i e v e  t h e  a c c u r a c y  needed  
t o  meer  d e s i g n  g o a l s  o f  h o t  s e c t i o n  componen ts .  I n  
r e s p o n s e  t o  t h i s  n e e d  f o r  b e t t e r  l i f e  and  m a t e r i a l  
b e h a v i o r  p r e d i c t i o n s  u n d e r  comp lex  s t a t e s  o f  s t r e s s  
and s t r a i n ,  a m u l t i a x i a l  t e s t i n g  c a p a b i l i t y  i s  b e i n g  
d e v e l o p e d .  As a n  e v o l u t i o n a r y  s t e p  from a u n i a x i a l  
t e s t  c a p a b i l i t y ,  a d e c i s i o n  was made t o  b e g i n  w i t h  
b i a x i a l  ( a x i a l - t o r s i o n )  t e s t  s y s t e m s  ( F i g .  2 1 )  and  
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eventua! ly p r i g r e s s  to triaxial systems through the 
use cf internal oressure. Under HOST, three new biax- 
ial test systems were added to the laboratory 
(Bartolotta. and McGaw. 1987). 
for loads of :22 948 kg (250 000 Ib) axial and 
-2824 N-m (525 000 in.-lb) torsional. Electronics 
for these s y s t e m  consist of two servocontrollers, 
two data display units, function generators, and an 
oscilloscoDe. The two servocontrollers allow for 
both independent and combined control of axial and 
torsional loading. Each servocontroller can control 
specimen loading in one of three modes: load, strain 
cr stroke for axial loading and torque, torsional 
strain or angular displacement for torsional loading. 
Data display units are used to monitor analog data 
signals, and Drovide an important interface between 
the test system and the computer system. These units 
can be programme3 to perform a variety of signal pro- 
cessing operations. 
:he heating system for each biaxial test system 
consists of an audio frequency induction generator, 
an induction coil fixture, and a PID controller for 
closed-loop temcsrature control. Each generator has 
a power output of 50 kW at an operating frequency of 
9.6 kHz. Audio frequency generators were chosen 
because sf their ability to operate with minimal elec- 
trical interference to instrumentation signals. 
with its own minicomputer. These minicomputers, along 
with the data display units, are used for experimental 
control and data acquisition. Preliminary software is 
bejng used to conduct simple tests, while more compli- 
cated test programs are still in their developmental 
stages. 
A thin-walled tube was chosen as the basic speci- 
men gecmtry. This type o f  geometry has ;he following 
advantage;: (a) easy decomposition of axial-torsional 
compcne?ts of stress and strain, (b) at high tempera- 
tures thermal gradients across the diameter are mini- 
mal, a?d (c) for thermomechanical testing, cooling 
rates are nigccr. 
bases for se'Jeral materials have been generated under 
the grants and contracts previously discussed. In 
the Lewis Fatigue 3nd Structures Laboratory, a uniax- 
ial database on Hastelloy-X, a nickel-base superalloy 
used in hot section compcnent applications, was gener- 
ated (Eartoiotta. 1985; Ellis et al., 1986; 
Bartolotta, and Ellis, 1987). These data are being 
used in the development and calibration of constitutive 
models. In addition, some of the data generated was 
used to address a number of questions regarding the 
validity of methods adopted in characterizing the con- 
stitutive models for particular high-temperature mate- 
rials. One area of concern is that the majority of 
experimental data available for this purpose are 
determined under isothermal conditions. This is in 
contrast to service conditions which almost always 
involve some form of thermal cycling. The obvious 
question arises as to whether a constitutive model 
characTerized using an isothermal data base can ade- 
quately predict material response under thermomechanical 
conditions. Described here is an example of results 
of the most recent isothermal and thermomechanical 
experimen:; conducted on Hastelloy-X to address this 
concern. 
2esults obtained from two uniaxial isothermal 
(205 and 4 2 5  "C) and one out-of-phase uniaxial ther- 
momechanical (200 to 400 " C )  experiments are presented 
in fig. 22. The thermomechanical test was conducted 
in such a way that the mecnanical strain range and 
The load frames for each test system are rated 
Each axial-torsional test system is interfaced 
Uniaxial E!o=imental Results. Extensive data- 
mechanical strain rate were similar to what was irsed 
for the isothermal experiments. 8ecause of the tem- 
perature resoonse limitations o f  the experiment 
itself, it should be noted that at the tensile peaks 
of each thermomechanical cycle, the temperature under- 
shot its lower bound by -5 " C  (195 "C instead of 
200 " C ) .  
From Fig. 22 it can be observed that at the tenth 
cycle of the isothermal tests the stress - inelastic 
strain resDcnses are similar. As for the thermome- 
chanical test, the stress - inelastic strain resconse 
is slightly different compared to the isothermal data. 
This is probably due to the difference in mechanical 
strain range caused by the temperature oversnoot. 4s 
can be seen, the stress - inelastic strain response 
for the thermomechanical experiments seems to follow 
more closely that of the lower temperature isothermal 
test. A s  cycling continues, the thermomechanical 
material resDonse seems to start following that of 
the higher temperature isotherm1 experiment. This 
observation was also observed in another thermomechan- 
ical experiment (400 to 600 "C), which suggests that 
this trend is a general material hardening character- 
istic, but further investigation will have to be con- 
ducted before this can be confirmed. 
Preliminary inelastic strain comparisons betw2.n 
isothermal and thermmer!ianical experimental data have 
proven useful in developing a better understanding o f  
thermcmecna?ical material response for Hastelloy-X. 
from these types of comparisons it appears that 
general therncmechanical material behavior can be 
extracted from isothermal experimental data, but 
information concerning changes i n  material strain har- 
dening behavior must come from therncnc:%inical test 
data. 
used in hot section component applications were also 
conducted in the laboratory (Ellis et al., 1987). An 
example of the test results obtained is presented. In 
this example we are concerned with determining the 
stress levels or "thresholds" at which creep deforma- 
tions first become significant in Haynes 188 over a 
temperature range of interest. A second series of 
experiments was conducted to establish whether the 
thresholds determined under monotonic conditions also 
apply in the case of thermcrcchanical loading. 
A s  shown in Table 11, the threshold experiments 
showed the ex3ected result that early creep response 
is strongly temperature dependsnt. It can be seen 
that at 649 "C, stress levels must exceed 207 MPa 
(30 ksi) before creep strains become significant 
during the 1.5 hr hold periods. At temperatures of 
760 and 871 "C, the corresponding values of stress 
are 75.9 MPa ( 1 1  ksi) and 27.6 MPa (4 ksi), respec- 
tively. One important point to be noted about this 
result is that it would not have been predicted by 
inspection of handbook data. This is because mate- 
rial handbook; provide little or no information 
regarding the early stages of creep. It follows that 
problems can arise if decisions regarding the need fcr 
inelastic analysis are based on casual inspection of 
handbook data. The present study clearly indicated 
that some form of inelastic analysis is necessary for 
compor..nts operating at temperatures as high as 871 "C 
if stress levels are expected to exceed 27.6 MPa 
( 4  ksi). 
experiments on Haynes 188, ratchetting behavior can De 
observed in the data shown in Fig. 23 for a mean 
stress of 42.5 MPa (6.17 ksi). In this case, tne 
creep strain accumulated during cycle ( 1 )  was about 
100 pe. Gn subsequent cycles, the creep occurring per 
Tests on Hayr,?s 188, a cobalt-based superalloy 
Turning to the results of the thermomechanical 
8 
ORIGINAL PAGE IS 
LOE EooR QUAJJTY' 
'ORIGINAL PAGE IS 
POOR QUALITY 
c y c l e  was 50 u c  or l e s s  and t h e  d a t a  e x h i b i t e d  
e r a b l e  s c a t t e r .  The r e a s o n  for t h e  s c a t t e r  i s  
e l e c t r i c a l  n o i s e  w h i c h  c o m p l i c a t e d  i n t e r p r e t a t  
:he 4 2 . 5  MPa ( 6 . 1 7  k s i )  mean s t r e s s  d a t a .  
c o n s i d -  
t h e  
o n  o f  
-he  m a t e r i a l  e x h i b i t e d  c r e e p  r a t c h e t t i n g  d u r i n g  
j i m u l a t e d  s e r v i c e  c y c l e s .  T h i s  r e s u l t  was n o t  p r e -  
d i c t e d  b y  a n a l y s i s  u s i n g  c u r r e n t  c o n s t i t u t i v e  m o d e l s  
I 'or Haynes 188. 
L e w i s  A n n u l a r  Combus to r  L i n e r  T e s t  F a c i l i t v  S t r u c t u r a l  
ComconeqT qesoonse  R iq  
Segments,  o r  c y l i n d r i c a l  s e c t i o n s  o f  gas  t u r b i n e  
e n g i n e  c o m b u s t o r  l i n e r s  were  r a d i a n t l y  h e a t e d  i n  t h e  
S t r u c t u r a l  Component Response r i g  shown i n  F i g .  2 4 .  
Quar:z lamps were  u s e d  t o  c y c l i c a l l y  h e a t  t h e  2 0 - i n  
( 0 . 5  m) d i a m e t e r  t e s t  l i n e r s .  T h i s  r e s u l t e d  i n  a x i a l  
3nd c i r c u m f e r e n t i a l  t e m p e r a t u r e  v a r i a t i o n s  as  w e l l  as 
t h r o u g h - t h e - t h i c k n e s s  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  
t e s t  l i n e r  s i m i l a r  t o  t h o s e  o f  i n - s e r v i c e  l i n e r s .  and  
t h u s  s i m i l a r  t h e r m a l l y  i n d u c e d  s t r e s s e s  a n d  s t r a i n s .  
A t y p i c a l  e n g i n e  m i s s i o n  c y c l e  ( t a k e - o f f ,  c r u i s e ,  
! a n d i n g ,  a n d  t a x i )  o f  3 t o  4 h r  was s i m u l a t e d  i n  2 t o  
3 m i n .  
t u r e  g r a d i e n t s  were  f e l t  t o  b e  a d e q u a t e  t o  c a p t u r e  
t h e  t i m e - i n d e p e n d e n t  and  t i m e - d e p e n d e n t  i n t e r a c t i o n s  
r e s u l t i n g  i n  d e f o r m a t i o n  as  w e l l  a s  t h e  l o w - c y c l e  
t h e r m a l  f a t i g u e  phenoi l i fna o f  i n - s e r v i c e  l i n e r s .  The 
? r i m d r y  p u r p c s e  of t h e  r i g  was t o  g e n e r a t e  l a r g e  q u a l -  
i t y  t h e r m c r , e c h a n i c a l  d a t a b a s e s  o n  c o m b u s t o r  l i n e r s  
( T h c r x s m ,  and Tong,  1986) .  
P r a t t  a n d  W h i t n e y  A i r c r a f t  ( P W A ) ,  a d i v i s i o n  o f  U n i t e d  
T e c h n o l o g i e s  R z s e a r c h ,  E a s t  H a r t f o r d ,  C o n n e c t i c u t .  
PHA s u p p l i e d  t h e  t e s t  r i g ,  w h i c h  i n c l u d e d  t h e  q u a r t z  
lamp n e a t i n g  s y s t e m  a n d  s e v e r a l  t e s t  l i n e r s .  L e w i s  
p r o v i d e d  t h e  :est  f a c i l i t y  a n d  h a d  t h e  r e s p o n s i b i l i -  
t i e s  from i n t e q r a t i n g  t h e  t e s t  r i g  i n t o  t h e  t e s t  
f a c i l i t y  u p  t o  and  i n c l u d i n g  c o n d u c t i n g  t h e  t e s t s  and  
a c q u i r i n g  t h e  d a t a .  L e w i s  a n d  PWA p e r s o n n e l  d e v e l o p e d  
a u t o m ' e d  c o m p u t e r  c m t r o l  s t r a t e g i e s ,  d a t a  a c q u i s i -  
t i o n  s y s t e m s ,  and  me thods  f o r  e f f i c i e n t  d a t a  r e d u c t i o n  
and  a n a ! y s i s .  
The q u a r t z  lamp h e a t i n g  s y s t e m  c o n s i s t s  o f  
112-6-kYA lamps c o n f i g u r e d  c i r c u m f e r e n t i a l l y  i n  1 6  
s e c t o r s ,  e a c h  h a v i n g  7 l a m p s .  T h i s  sys tem,  i n  a d d i -  
t i o n  to  d r a w i n g  u p  t o  672 kVA o f  480-V power ,  r e q u i r e s  
3 . 5  I b / s e c  of a m b i e n t  t e m p e r a t u r e  a i r  a t  5 p s i g ,  
1 . 5  l b l s e c  a m b i e n t  t e m p e r a t u r e  a i r  a t  1 p s i g  a n d  
80 g a l l m i n  of s p e c i a l l y  t r e a t e d  w a t e r  f o r  c o o l i n g  t h e  
r i g .  
b u s t o r  c a n  u p s t r e a m  o f  t h e  t e s t  s e c t i o n  t o  p r o v i d e  
p r e h e a t e d  c o o l i n g  a i r  t o  t h e  t e s t  l i n e r .  
t e m p e r a t u r e s  a r e  c o n t r o l l a b l e  f r o m  2 0 5  t o  316  "C ( 4 0 0  t o  
600 O F )  b y  v a r y i n g  t h e  f u e l / a i r  m i x t u r e  r a t i o .  The 
t e s t  l i n e r  c o o l i n g  a i r f l o w  r a t e  i s  v a r i a b l e  from a b o u t  
4 . 0  t o  7 . 5  l b l s e c  a t  35  p s i g .  B o t h  t h e  c o o l i n g - a i r  
t e m p e r a t u r e  and  f low r a t e  c a n  b e  v a r i e d  t o  o b t a i n  t h e  
d e s i r e d  c y c l i c  t e m p e r a t u r e s  on t h e  t e s t  l i n e r .  
window v i e w p o r t s ,  t h r e e  o f  w h i c h  a r e  spaced  a t  120"  
a p a r t  a n d  a r e  used  t o  v i e w  t h e  m i d d l e  s e c t i o n  o f  t h e  
t e s t  l i n e r .  The o t h e r  t h r e e ,  a l s o  spaced  a t  120"  
a p a r t ,  a r e  used  t o  v i e w  t h e  u p s t r e a m  p o r t i o n  o f  t h e  
l i n e r  and  i t s  a t t a c h m e n t  p i e c e .  These w indows  a r e  
r o t a t e d  45"  from t h e  l i n e r  w indows .  The q u a r t z  w i n -  
dows a r e  a i r  and  w a t e r  c o o l e d .  T h r o u g h  t h e s e  windows 
t e l e v i s i o n ;  i n f r a r e d ,  a n d  h i g h  r e s o l u t i o n  cameras  a r e  
used  to  monitor l i n e r  c o n d i t i o n ,  t e m p e r a t u r e ,  a n d  
d e f o r m a t i o n ,  r e s p e c t i v e l y .  
c o n t r o l l e r  i s  u s e d  t o  c o n t r o l  t h e  power  t o  t h e  l amps .  
A s p e c i f i e d  p o w e r - t i m e  h i s t o r y  i s  programmed i n t o  t h e  
The s i m u l a t e d  c y c l i c  t e m p e r a t u r e s  a n d  tempera -  
The t e s t  p r o g r a m  was a c o o p e r a t i v e  e f f o r t  w i t h  
A n a t u r a l - g a j  and  a i r  m i x t u r e  i s  b u r n e d  i n  a com- 
C o o l i n g  a i r  
The a n n u l a r  r i g  h a s  s i x  5 - i n .  d i a m e t e r  q u a r t z  
A m i c r o p r o c e s s o r  w i t h  a d u a l - l o o p  p r o g r a m m z b l e  
m i c r o p r o c e s s o r ,  and  t h e  c o o l i n g  a i r  t e m p e r a t u r e  a n d  
f low r a t e  a r e  a p p r o p r i a t e l y  s e t  so t h a t  when c o m b i n e a ,  
t h e  d e s i r e d  t h e r m a l  c y c l e  i s  imposed  o n  a t e s t  l i n e r .  
T h e r m o c o u p l e s  a n d  a n  i n f r a r e d  t h e r m o v i s i o n  s y s t e m  
a r e  u s e d  t o  o b t a i n  s u r f a c e  t e m p e r a t u r e s  o n  t h e  t e s t  
l i n e r .  T h e r e  a r e  p r o v i s i o n s  f o r  h a v i n g  a t o t a l  o f  
140  t h e r m o c o u p l e s  on t h e  t e s t  l i n e r .  B o t h  t h e r m o c o u o i e  
a n d  t h e r m a l  image  d a t a  a r e  o b t a i n e d  o n  t h e  c o o l  s i d e  of  
t h e  t e s t  spec imen .  O n l y  t h e r m o c o u p l e  d a t a  a r e  o b t a i n e d  
on t h e  hot  s i d e  ( f a c i n g  t h e  q u a r t z  l amps)  o f  t h e  t e s t  
l i n e r .  The t h e r m o c o u p l e  d a t a  p r o v i d e  t e m p e r a t u r e s  a t  
d i s c r e t e  p o i n t s ,  w h i l e  t h e  i n f r a r e d  s y s t e m  p r o v i d e s  
d e t a i l e d  maps o f  c o o l - s i d e  t h e r m a l  i n f o r m a t i o n .  
The t h e r m a l  images o b t a i n e d  from t h e  i n f r a r e d  
camera a r e  s t o r e d  on a VHS t a p e  r e c o r d e r ,  w i t h  t h e  
c l o c k  t i m e  s u p e r i m p o s e d  o n  e a c h  image .  Images  o f  t h e  
t e s t  s p e c i m e n  of from a b o u t  4 t o  a b o u t  1 i n .  i n  d iame-  
t e r  ( f o r  f i n e r  r e s o l u t i o n  of t e r l l p e r a t u r e s )  can  be 
o b t a i n e d  w i t h  t h e  z o o m i n g  c a p a b i l i t y  o f  t h e  i n f r a r e d  
sys tem.  T h i r t y  t h e r m a l  images a r e  c a p t u r e d  o n  t a p e  
e v e r y  s e c o n d .  
e s s ,  r e d u c e ,  enhance ,  and a n a l y z e  t h e  t r a n s i e n t  tem- 
p e r a t u r e  i n f o r m a t i o n .  These d a t a  a r e  a l s o  compared  
w i t h  t h e  t h e r m o c o u p l e  d a t a .  
u s e d  i n  t h e  c a l i b r a t i o n  o f  t h e  i n f r a r e d  sys tem.  
s u r e s  f l o w s ,  p o w e r ,  e t c . )  and  t h e  r e s e a r c h  d a t a  ( p r i -  
m a r i l y  t e m p e r a t u r e )  a r e  a c q u i r e d  for  each  t h e r m a l  
c y c l e  u s i n g  t h e  ESCORT I1  d a t a  a c q u i s i t i o n  s y s t e m  a t  
L e w i s .  These d a t a  a r e  s t o r e d  a u t o m a t i c a l l y  o n c e  e v e r y  
second  o n  a m a i n f r a m e  c o m p u t e r  f o r  l a t e r  r e d u c t i o n  and  
a n a l y s i s .  
A c o m p u t e r  s y s t e m  i s  t h e n  u s e d  t o  p r o c -  
Thermocoup le  d a t a  a r e  
D u r i n g  a t e s t  r u n  b o t h  t h e  f a c i l i t i e s  d a t a  ( p r e s -  
L i n e r  T e s t s  a n d  R e s u l t s  
Two c o r , o u s t o r  l i n e r  seqrnents were  t e s t e d  i n  t h e  
S t r u c t u r a l  Compcnent  R e s p o n i e  R i g .  F i r s t ,  a conven-  
t i o n a l  l i n e r  o f  s h e e t  m e t a l  seam-welded l o u v e r  con-  
s t r u c t i o n  from H a s t e l l o y - X  m a t e r i a l  ( F i g .  2 5 )  was 
t e s t e d .  Second,  a n  advanced  p a n e l e d  l i n e r  ( F i g .  2 5 )  
was t e s t e d .  
A l a r g e ,  q u a l i t y  ( t h e r m o c o u p l e  ( 9 6  T C ' s )  a n d  I R )  
t e m p e r a t u r e  d a t a b a s e  was o b t a i n e d  on t h e  c o n v e n t i o n a i  
l i n e r .  Some t y p i c a l  t h e r m o c o u p l e  d a t a  a r e  shcwn i n  
F i g .  2 6 .  The c o r r e s p o n d i n g  power  h i s t o r y  for  t h e  t h e r -  
mal c y c l e  i s  shown i n  F i g .  27 .  F i g u r e  2 6  shows t h e  
t r a n s i e n t  t e m p e r a t u r e  r e s p o n s e  a t  t h r e e  l o c a t i o n s  o n  
l o u v e r  5 .  The t e m p e r a t u r e  measuremsn ts  a r e  used  i n  
t h e  h e a t  t r a n s f e r / s t r u c t u r a l  a n a l y s i s  o f  t h e  l i n e r .  
The l i n e r  was t h e r m a l l y  c y c l e d  f o r  a l m o s t  1800  
c y c l e s .  Be tween  1500  and  1600 c y c l e s  a n  a x i a l  c r a c k  
a b o u t  0 . 2  i n .  i n  l e n g t h  d e v e l o p e d  i n  t h e  l i n e r .  T h i s  
c r a c k  o c c u r r e d  a t  a hot  s p o t  w h i c h  d e v e l o p e d  b e c a u s e  
o f  c l o s u r e  o f  s e v e r a l  c o o l i n g  h o l e s .  T h e r e  was no 
t h e r m o c o u p l e  r i g h t  a t  t h e  h o t  s p o t ,  b u t  s u r r o u n d i n g  
TC 's  i n d i c a t e d  t h e  maximum t e m p e r a t u r e  was a t  l e a s t  
937 " C  ( 1 7 2 0  " F )  a n d  c o u l d  h a v e  b e e n  o v e r  976 " C  
( 1 8 9 0  O F ) .  
A c o m p o s i t e  p h o t o g r a p h  of t h e  l i n e r  a f t e r  1782 
c y c l e s  i s  shown i n  F i g .  2 8 .  T h i s  shows t h a t  m o s t  o f  
t h e  d i s t o r t i o n  o c c u r r e d  i n  l o u v e r s  4 t o  7 ,  p a r t i c u l a r l y  
i n  t h e  b o t t o m  ( 1 8 0 " )  and  l e f t  ( 2 7 0 " )  v i e w s .  The t o p  
(0" )  and  r i g h t  ( 9 0 " )  v i e w s  show l e s s  d i s t o r t i o n .  
because  t h e  d i s t o r t i o n  o f  t h e  l o u v e r s  became s e v e r e  
enough  t o  c o n t a c t  t h e  f rame of one  of t h e  q u a r t z  lamp 
b a n k s .  Measuremen ts  o f  t h e  c r a c k  from t h e  i n i t i a l  
o b s e r v a t i o n  a t  1600  t o  1728 c y c l e s  i n d i c a t e d  2 p e r c e n t  
i n c r e a s e  i n  l e n g t h .  
The d i s t o r t i o n  o f  t h e  l o u v e r s  i s  t y p i c a l  o f  l i n -  
e r s  r u n  i n  s e r v i c e .  The d i s t o r t i o n  shows some symme- 
t r y  t o  t h e  h e a t  p a t t e r n  o f  t h e  lamps i n  t h a t  t h e  peaks  
The t e s t  p r o g r a m  was t e r m i n a t e d  a f t e r  1782 c y c l e s  
9 
of distortion are at the longitudinal center of a lama 
bank where the maximum heat flux occurred. It should 
De noted that a distortion peak was not formed at 
?very bank of lamps. 
Similarly, a large quality data base on the 
advanced combustor liner is being obtained. This 
iiner. consisting of small panels and an outer support 
shell to which the panels are attached, is instru- 
nenced with 125 thermocouples, 73 on the hot side of 
:he panels and 52 on the support shell. A grid system 
3f lines cf temperature-sensitive paints was applied 
to over half of the panels in the liner to increase 
the area in which we could observe temperature changes. 
An infrared camera system is being used to obtain tem- 
perature maps of a Dortion of the outer shell of the 
liner through a quartz viewing window. 
field of vi?w, high-resolution photographs of the outer 
shell are also being taken to determine the total 
strain during cycling. 
Figure 29 is representative of the data obtained 
on the advanced liner. It is an isometric plot of 
the thermcouale temperature measurements of the hot 
side o f  the liner panels (which shows the cylindrical 
liner as if it were cut upon and flattened out) and 
snows a maximum temperature of 760 "C (1400 O F )  at the 
maximum quartz lamp power (cruise condition). A simi- 
lar plot of the outer shell shows the maximum tempera- 
ture to be about 316 "C (600 O F ) .  These temperatures 
were cbtained for a heat flux equivalent to that 
applied to the conventional liner. Transient data are 
3lso being obtained. The thermal paint did not indi- 
:ate a maximcm tea;erature of more than about 649 "C 
(1200 O F ) .  The infrared data and t h e  high-resolution 
9notogr;;hs are being reduced m d  analyzed. 
,4fter 15CO thermal cycles the advanced liner i s  
operating at mech lower temperatures than the conven- 
tional liner (about 205 "C (400 " F )  lower) for the same 
heat flux. At the lower temperature and low thermal 
gradients, little distortion to the panels has been 
observed. Based on the test results and analyses, the 
operating conditions are not severe enough to distort 
or dama,;e the idvanced liner. 
Over the same 
~ _ _ _  Ther~al/Structural/Cife Analyses of the Test Liners 
The liner surface temperature measurements 
obtains3 from the thermocouples and the infrared ther- 
movision system were used to obtain the film coeffi- 
cients on the cool and hot surfaces. Based on these 
coefficients, a heat transfer analysis of each liner 
was performed using MARC, a general purpose nonlinear 
finite-elexnt he;:-transfer and structural-analysis 
prograa. 
Eight-node three-dimensional solid elements were 
used to construct the liner heat transfer models. 
The condentional liner model had 546 elements and 
1274 nodes, and the advanced liner model had 536 ele- 
ments and 1117 nodes. Comparisons between predicted 
and mea;ured transient temperatures showed good 
agreement. 
The temperature (or thermal loads) are input to 
the structural analysis program. The MARC program was 
used to perform the structural analysis. The stress 
models ,ere identical to the heat transfer models. 
were described earlier, were used in the structural 
analysis. 
loops shown in Fig. 30 for three locations on the con- 
ventional liner. Similarly, Fig. 31 is representative 
of a stress plot of a symmetrically heated panel. 
Based on the nonlinear structural analyses of the 
two liners, it was determined that the critical 
stress-strain location in the advanced liner was at 
The Walker and Bodner viscoplastic models, which 
Representative results are the hysteresis 
the retention loop. For the conventional liner, the 
critical location was at the seam we!d. 
critical locations. cyclic life of the two liners was 
assessed. The results are summarized and compared in 
Table 11. The estimated life of the conventionai 
liner (400 to 1000 cycles) IS based on limited cyciic 
life data. Tests showed liner cracking at the seam 
weld after 1500 cycles. The advanced liner will have 
a mucn longer life than the conventional liner because 
it has a lower average temperature (about 215 "C 
(440 O F ) )  and no structural constraint in the circum- 
ferential direction. After 1500 cycles the advance0 
liner shows little distortion and no cracking. The 
predicted life is greater than IO6 cycles. 
comparisons show there is good agreement bettde.1 ?re- 
dicted life and measured life. 
3ased on the stress-strain and temperature at :he 
These 
CONCLIJS I ON5 
The broad scope o f  structural analysis activities 
carried out under the HOST project, by the combined 
efforts of industry, government and universities has 
resulted in numerous significant accomplishments and, 
in some cases, major breakthroughs in the nonlinear 
three-dimsnsional structural analyses of turbine 
engine hot section components. :he major accomplish- 
ments in the three areas of technology addressed syn- 
ergistically, namely, inelastic constitutive model 
developrrient, nonlinear three-dimensional structural 
analysis methods and code developmeqt. and euperimen- 
tation to calibrate and validate the codes are summa- 
ri zed below: 
( 1 )  New types of multiaxial viscoplastic consti- 
tutive models for high-temperature isotropic and aii- 
sotropic (single crystal) superalloys, and metal 
matrix composites have bEen develope?, calibrated, an3 
validated. 
(2) New and improvcd nonlinear structural analy- 
sis methods and codes, in which the viscoplastic con- 
sti tutive mode! s were incorporated ha!/e been deve;oped 
and, to same extent. validated. 
( 3 )  Extensive quality databas?:, including uniax- 
ial and multiaxial thermomec-anical data, were gener- 
ated for Reoi NO, Rsn6 80, Hastelloy-X, MAR M247, 
B-l990+Hf. PWA1480 and Haynes 188 materials for the 
purpose of calibrating and validating the constitutive 
models. 
(4) Extensive quality databases have been gener- 
ated for conventional and advanced combustor liner 
segments and compared with detailed thermal/structural 
analyses of these liners using many of the analytical 
tools developed under HCST. 
(5) Advanced instrumen.ation to measure tempera- 
ture, displacemeot and strain have been evaluated. 
( 6 )  High temperature laboratories and facilities 
at universities, other governmental agencies, and 
industry have been modified and upgraded, and at NASA 
Lewis, a unique high-temperature fatigue and struc- 
tures research laboratory has been impiemented. 
component response research facility for testing 
large diameter combustor liner segmeits has been 
implementsd. 
( 7 )  At NASA Lewis, a high-temperature structural 
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i i h i l e  r h e  s t r u c t u r a l  a n a l y s i s  c a p a b i l i t i e s  a n d  
3ccomDlishmel:S d e s c r i b e d  i n  t h i s  p a p e r  a r e  a good 
b e g i n n i n g ,  t h e r e  i s  much r o o m  for  i m p r o v e m e n t .  I t  i s  
e x p e c t e d  t h a r  t h e s e  c a p a b i l i t i e s  a n d  f u t u r e  i m p r o v e -  
menrs  w i l l  g r o w  r a p i d l y  i n  t h e i r  e n g i n e e r i n g  a p p l i c a -  
t i o n s  a n d  h a v e  a m a j o r  i m p a c t  a n d  p a y o f f  i n  t h e  
a n a l y s i s  a n d  d e s i g n  o f  t h e  n e x t  g e n e r a t i o n  a e r o n a u t i c  
and a e r o s p a c e  p r o p u l s i o n  s y s t e m s .  
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TABLE I. - HOST STRUCTURAL ANALYSIS PROGRAMS 
NAS3-23925, Southwest Research Institute (U.S. Lindholm), Constitutive 
Modeling for Isotropic Materials. 
NAS3-23927. General Electric (V.G. Ramaswamv). Constitutive Modelinq for - -  
I sotrop i c Mater i a 1 s . 
NAS3-379, University of Akron (D.N. Robinson), Multiaxial Theories of 
Viscoplastic for Isotropic and Anisotropic Materials. 
NAG3-512, University of Connecticut (E.H. Jordan). Constitutive Model 
of Single Crystal and Directionally Solidified Superalloys. 
NAG3-511. University of Cincinnati (D.C. Stouffer), Anisotrooic 
Constitutive Modeling for Nickel-Base Single Crystal Superalioy RenC N4. 
NAS3-23272, General Electric (R. Maffeo), Burner Liner Thermal/Structural 
Load Modeling. 
NAS3-23687, General Electric (R.L. McKnight), Component-Specific Modeling. 
NAS3-23698, General Electric (R.L. McKnight), Three-Dimensional Inelastic 
Analysis Methods for Hot Section Components I .  
NAS3-23697, Pratt and Whitney Aircraft (E.S. Todd). Three-Dimensional 
Inelastic Analysis Methods for Hot Section Components 11. 
IAN 40-1447-84 and DE-AC05-840R 21400, Oak Ridge National Laboratory 
(J.R. Corm), Determination of Surface of Constant Inelastic Strain Rate 
at Elevated Temperature. 
NASA Lewis Research Center (J.R. Ellis and P.E. Moorhead), 
High-Temperature Fatigue and Structures Laboratory/Structural Component 
Response Facility. 
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TABLE 11. - CREEP 
THRESOLDS DETERMINED 
FOR HAYNES 188 AT 
TEMPERATURES I N  THE 
RANGE 649 TO 871 "C 
U n i f i e d  (Walker) 
U n i f i e d  (Bodner) 
Temper- Creep 1 at!Je, I thr;:pld.a I 
950 to  1630 5870 31 50 -35 000 400 to 1006 
950 to  1630 5800 2700 -28 000 400 to  1000 
TABLE 111. - SUMMARY OF STRUCTURAL-LIFE ANLAYSES OF COMBUSTOR LINERS AT A CRITICAL LOCATION 
(a )  Conven t iona l  l i n e r  
A n a t y t i c a l  Temperature 
met hod range,  
S t r a i n  range,  I )1E I o r  A n a l y t i c a l  Temperature range, met hod 
S t r a i n  range,  
FL= 
r I Mechanical I I n e l a s t i c  
Mean s t r e s s ,  
Mean s t r e s s ,  I P r e d i c t e d  l T f e , - l  
c y c l e s  
P r e d i c t e d  l i f e ,  
c y c l e s  
Mechanical I n e l a s t i c  
U n i f i e d  (Walker) 
U n i f i e d  (Bodner) 
755 t o  1180 810 10-1 10 000 > l o 6  
755 to  1180 820 10-1 15 000 > l o 6  
I I I I I I 
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FIGURE 16. - RADIAL DISPLACEMENT OF LEADING EDGE TIP.  
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FIGURE 21. - BIAXIAL MATERIAL TEST SYSTEM. 
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FIGURE 28. - COMPOSITE PHOTOGRAPH OF HOT SIDE CONVENTIONAL LINER DISTORTION AFTER 1782 THERML CYCLES. 
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program. The techno log ies  s y n e r g i s t i c a l l y  developed and v a l i d a t e d  i n c l u d e :  
t ime-va ry  ng thermal/mechanical  l o a d  models; component-speci f ic  automated geomet- 
r i c  model ng and s o l u t i o n  s t r a t e g y  c a p a b i l i t i e s ;  advanced i n e l a s t i c  a n a l y s i s  
methods; n e l a s t i c  c o n s t i t u t i v e  models; h igh- temperature exper imen ta l  techniques 
and exper ments; and n o n l i n e a r  s t r u c t u r a l  a n a l y s i s  codes. Features o f  the  p ro -  
gram t h a t  i n c o r p o r a t e  the new techno log ies  and t h e i r  a p p l i c a t i o n  t o  h o t  s e c t i o n  
component a n a l y s i s  and des ign a re  desc r ibed .  Improved and, i n  some cases, first- 
t i m e  three-d imensional  n o n l i n e a r  s t r u c t u r a l  analyses o f  h o t  s e c t i o n  components o f  
i s o t r o p i c  and a n i s o t r o p i c  n i cke l -base  s u p e r a l l o y s  a re  presented.  
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